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SPACE REACTORS - WHAT IS A KILOGRAM?

David Buden, Los Alamos National Laboratory
Josepn Anqelo, Jr., Florida Insltlute of Technology

David Ek, Air Force Ueapons Laboratory
Susan Voss, Air Force Weapons Laboratory

ABSTRACT

The use of nuclear electric pro-
pulsion can triple the payloads to GEO
for a single Shuttle launch. Life
orbits of 300 years can be used to
allow most of the fission and activa-
tion products to decay befor~ 8 reac-
tor reenters the biosphere. Enough
radioactive materi~ls remain with very
long lifetimes to make it desirable to
design the reactor to disperse upon
reentry and little additional risk to
the bfosphere is introduced by lnftia-
t?ng NEP operations from 300 km.

SUMMARY

Technology options should be mea-
sured against a full range of require-
ments.

Mass and specific mass I!re often
used as initial screening parameters
to differentiate betwetn various pos-
sible power opticns. Based (In a sin-
gla Shuttle per satellite, the power
plent size for advanced sollr arrays
with energy storage devices is pro-
jected to be 160 kWe for low Earth
orbit compared to 20 kkie for geosyn-
chronous orbit; for nuclear reactor
power systems the :~Oparison is many
megewetts versus kii~ (Shuttla
packag+,lg limitations have been neg-
lected in all cases).

A significant criterion for the
selection of a power system for high
Earth orbits, such as geosynchronous,
could be the orbit transfer nystem
associated with the power source.
Electrical proVulRion orbit tran~far
vehicles transfer larger payloads to
geosynchronous orbit than chemical
rockets, but transit time 1s m::::~:l
in mOnthS instQad of hOUrS.

hundred kilowatts-electr c, a level
::]:~::ble with nuclear

r
ower plants,

the transit t mes to 3-4
months.

Radiation levels for multimegawatt
tPerm41 nuclear reactor designs for
300-y orbit lifetimes are examined.
The amount of residual longlife radio-
active products seems sufficient to
require dispersal on atmospheric re-
entry.

Restrictions on initial orbits for
nuclear orbital transfer vehicles can
reduce the final payload by 40-50%.
Radiation levels are a function of the
operating time. For a possible abort
situation prior to #thieving a 300-Y
orbit llfetime, factoring in operating
times, the need for restrictions is
questionable. This is especially true
If one uses e’lectrlc

r
repulsion with a

specific impulse of 000 s and Dower
levels of 300 kWe,

Shielding to protect personnel
must be proiided for nuclear reactors
in space stetions. The shiald mass
can range from 4 few thousand kilo-
grams for a reactor on long tethers or
free flyersl;:at~~,OOO kilogramsSe~e\a:
centrally reactur.
approaches are feasible within ShuttlQ
Constraints.

MASS AND SPECIFIC MASS

Mass is the common parameter used
to compare power systems for use in
space (Fl(], l). The kilogram unit of
mass is dofincd to be ~ cylind~r nf
platinum-iridium a?lo,y, whic$ !s vre-
sarved in a vault at S@vres, ~rqnce,
by the Ints?rnational Bureau of We{ghts
and Measures,(l) The mtiss comparison
implies an assumption that 6 given
launch vehicle is used to dc!liver a
spacecraft to a
11

desired orbit an d

t us, a kilogram of one power sourcti
has the same value a% a kilogram of
another power sourco. Volume bfly
limitations of the launch vehicle, thu
Shuttle, are neglected in this as-
sumption.
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Fig, 1. What is a Kilogram?

Fig. 2 provides first-order com-
parisons of the mass of solar photo-
voltalcs with energy storage (current
and Improved), solar dynamics, and
nuclear power (Includfng an electro-
nics protection shield) as a function
of power level. Solar systems tend to
be proportional wfth
cause as power leveYow;;ar/~e”~,’ i;;
quantity of so18r panels or concentra-
tors change as well as the storage
elements. There Is some nonpropor-
tlonaldty fn structures and In the
solar dynamic systems in the conver-
sion equipment, but these tend to be
secondary effects. The mass of nu-
clear systems, on the other hand, fs
not proportional to power produced
becau!e a certafn s{ze reactor Is
:~:;et to f,:arnla crltlcal C( ,flgura.

but incremental chfinges
resul’ {n large power increases (ln-
creaslng reactor mass 40% wI1l double
power output), shfelding is an expo-
nential function of thfckness (doub-
ltng reactor power leads to about a
33% increase in mass), and thermo-
electric conversion tends to be lfnear
with power but dynamic electrfc con-
verters are not. One should not use a
mass comparison at one i~olnt to draw
conclusions at oth~r lavels,
The comparison shows th~~we~uclear is
significantly less massive as power
levels increase,

Since the Shuttle Is projected to
be the prfnclpal U.S. launch vehicle
throi~gh this century, we w{ll Uxe ft
In our analysis of transport to low
Earth oroit (LEO). Allow{ng 16Z for
~:::eginN in the Shuttle bay, the fni-

sp~cecraft mbss avaflable {s

?5,000 kg. Based on using 100% of the
Shuttle capacity for transferring a
power source to a 300-km orbit and
disregarding packaging Iimitattons, we
could transport a 90-klJe solar photo-
voltaic system with improved technolo-
gy, a 36G-kWe solar dynamic system and
a multimegawatts nuclear system,

ll,OM, , , , i
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Fig, 2. Comparison Of ?ower Plant
Mass As A Function Of Power
Level.

Comparisons at geosynchronous
Earth orbit (GEO) are very interest-
ing, Using as a reference the Shuttle
/Centaur transporta+~on system, if
half the spacecraft Is power supply,
then the power su ply can have a mass

tof 3000 kg (see lg. 3). Within the
3UO0-kg cor!straint, power levels in
::~a;ill be about 10 kWe for current

photovoltaic systefms; 20 for
fmproved solar photovoltaic systems;
4U for solar dynamic systems and luu
for nuclear systems. Table 1 compares
those values with those for LEO. No-
tfce the signlfichnt reduction in to-
tal power, as much as h factor of 9
difference. We will continue our com-
parisons in the section for nuclear
●lectrfc propulsion (NEP) orbit trans-
fer.



TABLE I

CI’MPARI SOS OF PEAK PO!JER AS A PUNCTION OF W. CHNOLOCY

(ISFCLrC-l MC PACKMINC CCINSTRA1mS) - vILcuATTS-U.CCTRICA1

Uo CEO.— —

Solar Ph.t.vc.lt.lc. (Current] 90 10

S.l. r ?h. ?ovolt.lc. (Improved) 155 10

solar nyn.mfc J60 40

Nu,l,. r Y*nv MU 100

Another way to evaluate power sy-
stems is to use specl Ylc mass. The
specfflc mass (kg/k Me) 1s the ratfo of
the mass (kg) to power (kHe). Repre-
sentative ra’~ues are shown in Fig. 4.
The nuclear values change signlftcant-
lY with power level decreasing from
around 70 kg/kk/e for 25 kls’eto 20 kg/
M:u:or 300 kWe. Selecting any single

as representative for nuclear
pol!er i;ystems would be misleading.
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performance curves for nuclear elec.
tric propulsion (NEP) are plotted see
Fig. 5. The power plant can be consi-
dered as part of the NEP stage if it
is only for orbit transfer, par? of
the payload if it requires the power
to be there anyway, or both if the
payload needs a lesser amount of
power. Approximately 19,000-kg pay-
load can be delivered to GEO in a 120
day transit time.
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Mass And Areas OfFig. 4. Specific
Several Power Systems.
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rig, 30 Centaur G Performance Payload
Vs Altitude Circular Orbit.

ORbll TRANSFER FROM LEO TO GEO

Futuve orbit transfer missions can
be performed by a variety of stages.
Because of the maturity and known ca-
~:bi: ities of the Centaur, thi$ will

sed at @ representative chemfcal
sta e.

1
Tjipjcal *lectric propulsion

dev cws arl~ given in T@ble 11, Using
nwfilear power for tho energy source,

Now, one has an interesting book-
keeping probl~m. If the Shuttle/
Centaur is used as our reference con-
figuration, we can construct a chart
like Table 111. For Shuttle/Centaur,
the maximum spacecraft mass fs about
6,000 kg to GEO. Assuming half the
spacecraft mass is assigned to the
power system and that a solar dynamic
system is used to represent future
solar power technology, one could d@-
ploy a 40-kUe power system. This
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Fig. 5. Shuttle/Nuclear Electric Propulsion To GEO

leaves e balance-of-payload of 3000
kg. Using a 30L1-kWe power system for
NEP In order to reduce transtt times
from LEO to GEO to 120 days and as-
suming the \Jower source will be used
by and charged to the payload, the
payload Is 19,000 kg. If, however,
the paylo?d does not need that much
power, we may substract off this mass
giving us a balance-of-pa.v~ oad of
13,000 kg. F{n,\;J:, ff th> spacecraft
needs 40 kWe the payload (the
amount a solar dynamic system was com-
puted to be able to dell~er), we can
charge the equivalent nuclear power
plant mass to the spacecraft and the
balance to the propulsion system. The
payload balance iS 15,L)00 kg, The
latter payload is 5 times the payload
in a spacecraft. containing a solar
dynamfc power system delivered by ~
Shuttle/Cerltaur transportation -
hlcl?. Using the Shuttle/Centaur d~ea
refcrencc and the power plant and MEP
as changes from that reference, our
power plant bookkf?eplng has nc atlve
mass values -16,000, !-io,ooo, - 2,000
kg, depending on tht? case asrt’med.

RADIATION LEVELS AFTER 300 YEAR
ORBIT LIFETIMES

Safety concerns are a major factor
In design and operatton of reactors
for To protect
Earth~s’’a~~pul~t~~n’ against undue ri~~~
radiation levels at the time of a nu-
clf!ar reactor reentering the Earth’s
atmosphere should be low. Mbst fis-
sfon products decay away, ff the
operating lffetlme of a satellite fn
Orbft is sufficiently long,
long-lived, h{gh orbit is defined II
the reactor safety specification (2)
as an orbft at an altltude of 300 or
more years. lie Wfll examine the
radiatfon levels at the end of a 30L)-y
orbit.

Fig. 6 plots the rad~oactlvlty for
s 2-M2L reactor as 8 funct{on of oper-
at$ng ttmes; Fig. 7 plots the orbital
l{fetimes as a function of alt~tude.
A cyllndr~cal ?eactor reentering the
atmosphere would fall near the upper
Curvec; a 9pacc stati~n would fal\
near the lower curves.



YEARS

TABLE 111

@OUNllSSFM MUCLMPWER PLANI

Pwrr Suwly (kM@) 40 (1) ma sod 300

$almcwof.~aylotd (kg) SOW 19,00a Il,ooa 15,000

Trms{t t!m (days) 1/4 120 lZU 120

xart$on of Wlmds
MSIq Shuttle/Centw
4s NfOmnCe (kg) -16,0W -lo, om -lz,ooa

VP ● *r plant
(1) SOlw-dynMcs
(2 I kmme$ srnc*cr*ft Ims-tcm pow md in 40 kk and nucl.!r

pour~lal!l BI$S is 2000 kg

(3) 200 kU4 M$S U}od = S000 kg.

Absorption of fission products by
the human body is characterized by
thetr Interactions. There are “bone-
seekers” (Sr, Y, Zr, Nb, Ba, La, Pr,
Ncl, Pfn), “thyroid-seekers” (I),
“kfdney-seekers” (Ru), and those pre-
ferentially’ absorbed in muscle tissues
{Cs, Ba). Each isotope has a differ-
ent probable body residence time
(biological half-lffe) and different
pathtiays in the b<. sphere that can
lead to human ingestion or lntkala-
tion. The amount of damage done to
tis ues and cells depends on such fac-
tors as the residence time and the
type and energy of fonlzing radiation
emitted.

Inventories of the various classes
of f~ss~on products at the point of
shutdown, 10 years later, and after
300 years have been calculated [See
Table IV for a summary) using the
Origen code. The results are based on
6 reactar power level of 2000 kUt and
e 7-y operfktfon time. The calcula-
tions show that If the reactor re-
enters the bfosophere after 300 years
in Grbit (this corresponds to around a
750-kilometer fnftfal orbit), the fis-
sion product activfty ~as been reduce6
from approximately 10* Ci to under
100 cf. At that time the I?iologfcal
radioactive elements thbt might he
absorbed by the hun!an body have de-
cayed to low levels cons{sl.ing
of 30 Ci of muscleseekers (7!!::;

~jj~~~:f\al~~if{~+~\] ~~d 2~au~~t~~
bone-seekers (9 Sr, half-life 27.7 y
and its daughter, 90Yr, half.llfe 64
h). Thyroid &nd kidney-seekers are
negligible 300 y after reactor
shutdown.

16’

t

TIM& AFTER SHUTDOWN

Fig. 6. Two Megawatt Thermal
Radioactivity Oecay.

106

10’

TIME

10

k/
,///

1.0

.&_.l_-.. .--L_L_..l__l_._j
200 300 400 m 600 700 Boo aoo
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Ftg. 7. Orb!t Decay Time

Actfnldes are another source of
radiation. Their quant{ty is p,*opor-
tlonal to the operatfng time, fuel
enrichment and reactor s ectrum.
dominant actlnlde la $39pu, “~;;;
has a half-life of 24,390 y. At low
thermal power and operating times the
actiniae levels are very small; but at
two megawatt-thermal power operatfng
for seven years, they represent n four
Curfe radfat{on source.



Certain designs may use materials
that are activated while in the reac-
tor, such as Nb-l Zr-U. lC fuel clafi-
ding. Their presence can result in
the generation of additional loHg-
lived radioactive isotopes. For the
reactor in reference 3, activation of
the fuel cladding results in an in-
crease of 22 Ci at the end of 300 y
because 94Nb fS generated !halflife
of 2 x loay).

TABLE Iv

J.mxO~lML AC1lVllY LZVELS FOR 2-WC

7 - Yzm OPmAT1l N {As-1 Rtmcron (Clmm)

90”
P1..ic.n Products (90Sr, , 9.9 x 10b 5.1 . 104 92 b

11’c.,
137%,, 151Sm

~t,uctur= ~94Nb)
I

22 22 22 ?0 1

Actinid.. (“’?.) 5.9 s,? ~ ~i— . —J
TOTAL 9.9 “ 1[!6 5,1 x 104 118

The total dose level after 300 Y
is 118 Ci. It is derived moinly from
long-lived isotopes. If the orbit
time is increased to 600 y, the dose
level decreases to 34 Ci and 2000 y to
28 Ci.

Safety standards are given in
terms of roentgef? equivalent man
(rem). An approximate relationship
between decay rate, ;~pre:e~ted by a
radioactive source . x 1010

disintegrations per second, a curiet
and dose rate, $s provided by the fol-
lowing equation: (4)

Oose rate in roentgen r at distance R
cm from curie from curie source =

5.2x106 CE/Ri! mr/hr (1)
where the energy E is in Mev.

The asswm tions in
t’

the above
equation are 1) the radiation con-
sists of gamma rays; (2) there is an
average photon energy level: (3)
there is a point source; and (4)
there is negligible attenuation of
radiation by the air.

If abso~bing Material exists be-
tWeI?II the source and the region where
the radiation dose rate is being cal-
culated, eq~ation (1) becomes:

hose rfite roentgen r at distance R
cm from C curie source with x cm
absorber

= 5.2x1o6 CEe-L!x/R2 (2)

where P is the attenuation coeff-
icient of cm-l places between the
source and point 8Z which the dose
rate is being calculated.

A typical value for E for a fast
reactor is 0.65 Mev. Radiation dose
levels are usually specified 10 m from
the source. (5) Using equation (1)
and neglecting any reflector attenua-
tion, a 118-Ci source is approximately
equal to 400 mr/hr. Further assump-
tions are necessary to convert this
dose rate to roentgen equivalent man.
Assuming a quality factor of 1, a per-
son at 10-m distance from the reactor
would receive his maximum allowable
yearly dose in lezs than a day. A
number cf estimates are included in
this calculation; however, it does
indicate that design and/or operatio-
nal features needs to be Included in
space reactor power systems to avoid
potentially high exposure rates t> the
population. Fragmenting the reactor
into large pieces or dispersal into
sn(all particles are desirable design
solutions. The mechanisms should be
passive, utilizing atmospheric reertry
forces.

ORBIT TRANSIT INITIATION BELOW
350-YEAR 0R81T

To avoid payload penalties with
the Shuttle, one would prefer an ini-
tial operational orbit at about 300
km. An orbit of 300 y (about 750 km)
can be reach~d by adding 2 Orbital
Maneuvering Systems (OMS) (Fig. 8).
However, this results in a 50% payload
reduction. Safety questions associ-
ated with starting at 300-km altitude
relate to: (1) The quantity of addi-
tional fission products present at
reentry if an abort occurs prior to
reaching a 3oo-y orbit;
biological

(2) the
hazards of those fission

products; and (3) whether th~
<pacecraft can be powered into the
atmosphere. The last condition can be
avoided by independent and redundant
controls and communications to the
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thrusters and power supply to InSure
NEP cut off if the spacecraft direc-
tion is wrono. The first two aues -
tfons WI1l be-addressed.
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Starting with the equ~tion for
electric propulsion efficienc,v:

● = gTisp/2P (3)

where C = total system efficiency;
9 = 9.8 m/s2; T = thrust (N);
ISP = specific impluse (s); and
P = total system power (We).

Rearranging (3):

T/’P = 2fZ/gIsp (4)

/(

-, -.-,.,-,- ,* ,,.,.”, ., -”.,,--- ----
,..

Fig. 9. Transit Time From 300-1000
kM On Trips to GEO,

For fixed power levels, lower values
of Isp results in higher thrust
levels. The higher the thrust levels,
the shorter the transi’c time and time
~;~;w a 300-y orbit. Studies of 1000,

and 5000 s specific impluses
beha~ior confirm this (Fig. 9).
Aborts were assumed at various t:mes
during orbit transfer and the radia-
tion levels compared with a 300-y or-
bit (Table V). It was concluded that
for a short duration of time the fis-
sion products could be greater than
those produced by long-term operation
in a 300-y orbit. For 10C kwe, this
is several weeks for Isp = 5000 s
specific impluse und it is about 1 day
for an Isp = 1000 s. The peak level
for 1000 s is about 800 Ci.

Fig, 8.b. Height limits on delivery
and rendezvous flights
launched into circular or-

bit from VAFB.
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are feasible If the reactor is en-
closed in a shield. The reactor may
be shielded in the direction of the
space station only (a shadow shfeld),
by preferential shfelding that en-
closes all sides of the reactor but is
thicker facing the station (a 411
shield) or by an equally effective
Shfeld in all
11).

directions (See Fig.
The reactor can be placed in the

center of the station, nffset on a
boom, tethered to the statfon, or on a
freeflyer that fs separate from the
station {Ffg. 12). Characteristics of

:::,::::;.;:.,::;,;,.,!, ,,1.. !*. ,. !.. ,00 ... r . ..(. !., ,.. !., ,..,. ,., $

If d more efficfent electical con-
versfol subsystem fs sed with the 2-
Mw t neat source, 300-kWe output
power can be achieved. Higher power
reduces the time where radiation
levels at reentry are above the 300-Y
orbit levels followfng an abort. For
300 kWe, this is less than 1 day for
an lsp = 1000 s and 3.5 days for
ISP = 5000 s. The radiation levels
are such as to conclude that reactors
desfgned to disperse on reent}’y could
be started on a NEP transfer from be-
low the 30n-y orbit wfth little addi-
tional safety risk or damage to the
biosphere. The distribution of radio-
active elements at several pofnts in
Table V were reviewed. The results
shown in Table VI indicate some build
up in boneseekers above the 7-y refer-
enc~ but does not change our conclu-
sions.

MANNED SPACE STATION SHIELOING

Shielding is fmportant for f!uclear
power plants, especially when the’f are
used in manned systems. Benefits of
nuclear power {n a growth space sta-
t~on include: (1) elimination o’ the
large solar array structures, espe-
cially is power levels increase; (2)
elim~nation of lifelimltfng
devices; (3) simplified operati~tnosra~~
the station; and (4) greater tolerance
to conat:$lnf~;y}lefrom station efflu-
ents thruster
The

exhaust.
radlolog{cal protection of the

crew is necessary because (Fig. 10)
the dose levels wtll be extremely high
unless the reactor Is separated by a
large distance. The distance to re-
duce gamma rauiation levels to 2 mrem
/hr is about 17 km, Shorter distances

n“>s mmk/’ I“w”t,

0, CON1OURS (ad

cm 0..
-.. -,-,

Fig. 10. Radiation Levels Around P.n
Unshielded Rea:tor.

various configurations are summarized
in Table VII. Fig. 13 gives represen-
tative shield masses as a function of
separation distance (6). A reactor
located on a 30-m extension boom out-
side the space station will be con-
sidered here. This Is a good possible
location for a power plant fncluding
the shteld sfnce both can fit within a
sfngle Shuttle, reasonable constraints
are imposed on space station opera-
tions, a~d maintenance and disposal
are relatively straightforeward.
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Fig. 11. Shield Concepts
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The crew must be protected against
radiological hazards. Since space
station members wI1l be working out-
side the station housing, exclusion
zones or limitations to ‘their freedom
to work must be minimized. As seen in
Fig. 14, the volume of space planned
for manned operations fs very 14rge -

large enough to build a 100-m antenna
or structure, A 47t shfeld mfnimizes
the I{mitatfons Imposed. Such a
~nield wo:lld have d mass of’ approxi-
mately 15069 kg.

TABLEVII

U*.. C.mt. r .f Cr.vity cnnf I’. r.tf.n (CC).—
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Mill the power plant an~hesh~~~d
fft into the Shuttle bay? -
meter of the reactor and 47T shield 4S
approximately 3 m and that of th@
Shuttle bay fs 4.5 m. The Combination
will fit. The mass for a 300 kWe is
compatible with the Shuttle bay.
Higher power lev~ls require more ef-
ficient converters, such ~s a Stirling
cycle; these may be accommodated with-
out exceeding Shuttle constraints.



An alternative approach to the
addition of mass that Is used exclu-
sively for shielding is to ffll com-
partments with ❑aterials that doub?e
as shielding. Water is an excellent
netitron shield, easily packaged to
fill Shuttle trips. One might con-
sider locating water storage tanks for
manufacturing processes, facilities
uses, etc., bet’, n the reactor and
spacecraft and ar dnd the reactor t6
make dual use of ❑aterials. Other
materials such as segmsnts of gamma
shields can be transported in sections
and assembled in space--this is a #erY

IIEACTOR NEAR SPACE STATION CG

ATOR

TETHERED REACTOR

h~gh density material, that does not
occupy much volume. Proper planning
could result in a shield that could be
approached in a working environment
within 3 m; this would have a 40,0i)O-
50,000 kilogram mass. A single
Shuttle could be used to initially
insert the power system in orbit with
the added material supplied from a
stockpfle brought up over time or ma-
terials for dual purposec. The radio-
logical safety of a normally operating
reactor producing hundreds of kilo-
watts (with potential growth into mul-
tfmegawatt production) is a very man-
ageable problem.

REACTORON BOOM

RADIATORS

REACTOR
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RADIATORS
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Fig. 12. Space Station Nuclear Options
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::ONCLUSIONS

Nu:lear power offers many advan-
tages beyond those Implied by direct
consideration of mass or specific
mass. Nuclear power systems that will

produce tens of kilowatts are lighter
than alternative systems, For contin-
uous p:wer at the hundreds of kilo-
watts and megawatt lavels, nuclear
power systems are necessary, The use
of NEP can triple the payloads (power
supply plus balance-of-payload) to GEO
for a single Shuttle launch. Or, ex-
amining the balance-of-payload package
separately from the power supplv, a
factor increase of 5 is obtoinahle.
Though 3-4 months are added to the
transfer times from LFO to GEO, the
total ●ission schedule may not be im-
pacted when one considers that t~veral
Shuttle launches and mat~,lgs in space
are olimlnated.

Three-hundred-year life orbits can
be used to allow mosi of the f~ssion
and activation products to decay be-
fore a reactor reenters the bio-
sphere. Enough r-’’loactive materials
remain, however, with very long life-
times to make It desjrakle to design
the reactor to fragment Into large
pieces or disperse as small particles
upon reentry. If the reactor is de-
signed for reentry dispersal, little
additional risk to the biosphere is
introduced by Initlatfng NEP opera-
tions from 300-km, especially if a
300-kUe power plant is used with
1000-s specific imp?use electric pro-
pulsion tievtces.

Space statton shieldlng for nu-
clear reactors is a manageable pro-
blem. One Shuttle can deliver the
re~ctor and e 4-person-rated sh~eld
with the reactor located at the end of
a boom on a tether or in a fre~flying
configuration. Shielding can be
stockpiled from volume-l imltcii pfly-

loads if the reactor Is to hp )Icated
~n the center of the space station.
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